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ABSTRACT 
The purpose of t h i s  r e s e a r c h  was t o  de te rmine  why f i n g e r n a i l  clams have 
been unable  t o  r e c o l o n i z e  a  100-mile r each  of t h e  I l l i n o i s  K i v e r  where t h e y  
were  abundant p r i o r  t o  a  die-of f  i n  t h e  1950 's .  F i n g e r n a i l  clams a r e  major  
l i n k s  i n  food cha ins  l e a d i n g  from d e t r i t u s  and a l g a e  t o  h i g h e r  l e v e l  consumers 
va lued  by man, such a s  f i s h  and w a t e r  fowl .  Three  s u s p e c t e d  t o x i c a n t s  and 
sed iments  from t h e  reach  where t h e  d ie -o f f  occur red  were t e s t e d  on i n t a c t  
f i n g e r n a i l  clams Q&scuZiwn tpansvepsum ) and g i l l  p r e p a r a t i o n s  i s o l a t e d  from 
t h e  clams. 
Concen t ra t ions  of f l u o r i d e ,  l e a d  and cadmium which caused a  50% r e d u c t i o n  
i n  t h e  r a t e  of b e a t i n g  of c i l i a  on i s o l a t e d  clam g i l l s ,  a f t e r  10  minu tes  of 
exposure  (10-minute EC50), were 0.75, 0.02 and 0.06 mg/l , r e s p e c t i v e l y .  
Mix tu res  of cadmium and f l u o r i d e  were s i g h t l y  more t o x i c  t o  clam g i l l s  t h a n  
p r e d i c t e d  from r e s u l t s  of b i o a s s a y s  w i t h  s i n g l e  t o x i c a n t s .  A  f l u o r i d e  
c o n c e n t r a t i o n  of 2.82 mg/l k i l l e d  i n t a c t  f i g e r n a i l  clams a f t e r  e i g h t  weeks of 
exposure ,  whi le  m o r t a l i t y  i n  l e s s e r  c o n c e n t r a t i o n s  and one h i g h e r  
c o n c e n t r a t i o n  d i d  not  d i f f e r  s i g n i f i c a n t l y  from c o n t r o l s  ma in ta ined  i n  w e l l  
w a t e r  t o  which no f l u o r i d e  had been 'added.  Hence, t h e  s u b l e t h a l  r e sponse  
e x h i b i t e d  by t h e  g i l l s  i s  a t  l e a s t  f o u r  t imes  more s e n s i t i v e  t h a n  t h e  l e t h a l  
r e sponse .  Maximum f l u o r i d e  c o n c e n t r a t i o n s  r e p o r t e d  by t h e  U.S. G e o l o g i c a l  
Survey a t  two s t a t i o n s  i n  t h e  I l l i n o i s  R i v e r  ranged from .6 t o  .8 mg/l  between 
1979 and 1981, c o n s i d e r a b l y  below t h e  c o n c e n t r a t i o n s  which a f f e c t e d  growth and 
s u r v i v a l  of i n t a c t  clams d u r i n g  8-week exposures  i n  our  l a b o r a t o r y ,  bu t  
s l i g h t l y  above t h e  l e v e l  which a f f e c t e d  i s o l a t e d  clam g i l l s .  A  l e a d  b i o a s s a y  
u s i n g  i n t a c t  clams was completed,  but  t h e  r e s u l t s  were ambiguous because  
c o n c e n t r a t i o n  ranges  i n  s e p a r a t e  t e s t  chambers over lapped.  I n  a d d i t i o n ,  
i n s o l u b l e  l e a d  p r e c i p i t a t e s  accumulated i n  t h e  t e s t  chambers, and t h e  r e l a t i v e  
t o x i c i t y  t o  clams of t h e  s o l u b l e  v e r s u s  t h e  i n s o l u b l e  l e a d  was not  determined.  
U n t i l  a d d i t i o n a l  b i o a s s a y s  a r e  completed,  i t  i s  imposs ib le  t o  d e t e r m i n e  
whe the r  t h e  maximum t o t a l  l e a d  c o n c e n t r a t i o n s  of 0.40 mg/l which occur red  i n  
t h e  I l l i n o i s  R i v e r  between 1979 and 1981 c o u l d  have c o n t r i b u t e d  t o  t h e  
f a i l u r e  of f i n g e r n a i l  clams t o  r e c o l o n i z e  t h e  r i v e r .  
Fingernail clams exposed to sediments from lakes along the 
Illinois River suffered greater mortality after six weeks of exposure 
than clams exposed to sediment from the Mississippi River, although 
the differences were not statistically significant. The same sediments 
tested on clam gills produced statistically significant changes in 
ciliary beating rate and particle transport rates on the gills. Sediments 
from the upstream lakes cause a greater depression in the particle 
transport rate and ciliary beating rates than sediments from downstream 
lakes. In addition, sediments from the lake furthest upstream caused 
a drastic change from the normal metachronal beating pattern to an 
atypical synchronous pattern. 
The results with the gill assay suggest that sediments in the 
Illinois River contain unidentified toxic factors and that sediments 
in the upper river, closer to the metropolitan areas of Joliet and 
Chicago, are more toxic than sediments further downstream. These results 
should be confirmed by additional tests with intact clams, including 
field tests with caged organisms. Parallel chemical analyses and 
bioassays of extracts from the sediments should be performed to 
identify the toxic components. 
Sparks, Richard E., Michael J. Sandusky and Anthony A. Paparo 
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COMMERCIAL FISH 
I n  view o f  t h e  f a c t  t h a t  over  f o u r  b i l l i o n  d o l l a r s  has  been spen t  
s i n c e  t h e  mid-1960's on waste t r ea tment  by m u n i c i p a l i t i e s  i n  t h e  
I l l i n o i s  R iver  d r a i n a g e  b a s i n   ricela land, 19761, i t  i s  s u r p r i s i n g  t h a t  
t h e  f i s h  c a t c h  from t h e  I l l i n o i s  River  has  shown a  s t e a d y  d e c l i n e  s i n c e  
1950, w h i l e  t h e  c a t c h  on t h e  M i s s i s s i p p i  h a s  remained r e l a t i v e l y  
c o n s t a n t  ( F i g u r e  1 ) .  Although t h e  number of f u l l - t i m e  commercial 
f i shermen on both r i v e r s  h a s  d e c l i n e d  s i n c e  1950, t h e  number of  
FISH CATCH IN MILLIONS OF LBS 
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F i g u r e  1. Commercial f i s h  c a t c h  from t h e  I l l i n o i s  River  and from t h e  
M i s s i s s i p p i  R iver  b o r d e r i n g  I l l i n o i s .  Source:  I l l i n o i s  
Department of  Conservat ion.  
f u l l - t i m e  f ishermen on t h e  M i s s i s s i p p i  b o r d e r i n g  I l l i n o i s  h a s  s t a b i l i z e d  
s i n c e  1964, whi le  t h e  number o f  f u l l - t i m e  f ishermen on t h e  I l l i n o i s  h a s  
con t inued  t o  d e c l i n e  ( F i g u r e  2 ) .  While t h e  r e c e n t  d e c l i n e s  i n  t h e  
number o f  commercial f i shermen a r e  d r a m a t i c ,  t h e y  a r e  even more 
s t a r t l i n g  i n  comparison t c  1908, t h e  peak yea r  f o r  t h e  I l l i n o i s  River  
commercial f i s h e r y .  I n  1908, t h e  v a l u e  o f  t h e  c a t c h  exceeded t h a t  o f  
any o t h e r  r i v e r  i n  America ( e x c l u d i n g  r i v e r s  with anadromous f i s h e s )  and 
NO. OF FULL-T.DlE FISHERMEN X 10 :: p--L, 
4 - ILLINOIS RIVER 
2 - 
fa 
F i g u r e  2 .  Number o f  f u l l - t i m e  commercial f i shermen on t h e  I l l i n o i s  
R iver  and on t h e  M i s s i s s i p p i  River  b o r d e r i n g  I l l i n o i s .  
Source:  I l l i n o i s  Department o f  Conservat ion.  
o v e r  2 ,000 commercial f i she rmen  found employment on t h e  r i v e r  
(Department o f  Commerce and Labor ,  1911) .  The h a r v e s t  was 1 0  p e r c e n t  o f  
t h e  t o t a l  U. S. f r e s h w a t e r  h a r v e s t  (Department of  Commerce and Labor ,  
1911) .  I n  1976, o n l y  two f u l l - t i m e  commercial  f i shermen worked on t h e  
I l l i n o i s  R i v e r ,  and t h e  1973 h a r v e s t  was o n l y  0 .32  p e r c e n t  o f  t h e  t o t a l  
U.S. h a r v e s t  o f  f r e s h w a t e r  f i s h  (Department o f  Commerce, 1980 and 
1976) .  
Economic f a c t o r s  a l o n e  do  no t  e x p l a i n  t h e  d e c l i n e  i n  f i s h i n g  e f f o r t  
and c a t c h  on t h e  I l l i n o i s  R i v e r .  The r e a l  v a l u e  o f  I l l i n o i s  R ive r  f i s h  
h a s  remained r e l a t i v e l y  c o n s t a n t  s i n c e  t h e  1 9 5 0 ' s .  I n  f a c t ,  when t h e  
w h o l e s a l e  p r i c e s  a r e  e x p r e s s e d  i n  c o n s t a n t  1981 c e n t s ,  c u r r e n t  p r i c e s  
f o r  drum and b u f f a l o  a r e  about  t h e  same a s  i n  1894, c a r p  p r i c e s  have  
d e c r e a s e d ,  and c h a n n e l  c a t f i s h  p r i c e s  have s u b s t a n t i a l l y  i n c r e a s e d  
( S p a r k s ,  i n  p r e s s ) .  
The annua l  p e r - a c r e  y i e l d  o f  f i s h  from t h e  Upper M i s s i s s i p p i  R i v e r  
h a s  a c t u a l l y  i n c r e a s e d  s l i g h t l y  ( ~ u b i n s k i ,  Wal l endor f ,  and Reese ,  1981) ,  
w h i l e  y i e l d  from t h e  I l l i n o i s  R ive r  is  o n l y  a t e n t h  o f  what i t  was i n  
t h e  1 9 5 0 ' s  ( L u b i n s k i ,  Wal l endor f ,  and Reese ,  1981) and o n l y  a  f i f t i e t h  
o f  what i t  was i n  1908 ( ~ i c h a r d s o n ,  1921) :  
Upper M i s s i s s i p p i  l b s l a c r e  I l l i n o i s  l b s l a c r e  
The r e c e n t  d e c l i n e  i n  t h e  commercial  f i s h e r y  o f  t h e  I l l i n o i s  R ive r  
a p p e a r s  t -  b e  r e l a t e d  t o  a  d e c l i n e  i n  t h e  food s u p p l y  f o r  t h e  f i s h .  
S t a r r e t t  (1972) s t u d i e d  t h e  food h a b i t s  o f  c a r p ,  a  commercia l ly  
impor tan t  s p e c i e s ,  i n  t h e  I l l i n o i s  R ive r  i n  t h e  1960 ' s  and found t h a t  i n  
t h e  lower  I l l i n o i s  R i v e r  f i n g e r n a i l  clams comprised 50% o f  t h e  volume o f  
food items i n  c a r p  s tomachs ,  whereas i n  t h e  middle  and upper s e c t i o n  o f  
t h e  r i v e r  o n l y  one  f i n g e r n a i l  clam was found i n  a l l  t h e  stomachs 
examined. I n  1963,  t h e  c o n d i t i o n  f a c t o r  o f  c a r p  was c o n s i d e r a b l y  b e t t e r  
i n  t h e  lower  I l l i n o i s  R ive r  t h a n  i n  t h e  m i d d l e  and upper s e c t i o n s  
( ~ i g u r e  3 ) .  
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F i g u r e  3 .  Condi t ion  f a c t o r  o f  c a r p  (body l e n g t h  d i v i d e d  by body d e p t h )  
i n  t h e  I l l i n o i s  River  i n  1963,  1967, and 1975. Source: 
I l l i n o i s  N a t u r a l  H i s t o r y  Survey.  
Channel c a t f i s h  were a l s o  more abundant i n  t h e  lower I l l i n o i s  River  
( S t a r r e t t ,  1972) .  The c o n d i t i o n  f a c t o r  o f  c a r p  i n  1967 showed t h e  same 
p a t t e r n  a s  i n  1963, b u t  an o v e r a l l  d e c l i n e  had o c c u r r e d ,  wi th  more 
pronounced d e c l i n e s  a t  r i v e r  m i l e s  95-105, 160-170, and 200-240. By 
1975, t h e  o v e r a l l  c o n d i t i o n  o f  c a r p  had d e c l i n e d  f u r t h e r ,  and l o c a l i z e d  
d e c l i n e s  had become more s e v e r e .  I f  t h e  1975 d a t a  f o r  c o n d i t i o n  f a c t o r  
o f  c a r p  a r e  p l o t t e d  ' aga ins t  t h e  biomass o f  bottom fauna ,  a  h igh degree  
o f  c o r r e l a t i o n  i s  e v i d e n t  ( ~ i g u r e  4 ) .  
RELATIONSHIP BETWEEN CON11 I T I O N  FACTOR OF CARP 
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BOTTOM FAUNA K I  LOGRAMS/HECTARE 
F i g u r e  4. R e l a t i o n s h i p  between c o n d i t i o n  f a c t o r  (body l e n g t h  d i v i d e d  by 
body d e p t h :  h igh numbers i n d i c a t e  a  t h i n  f i s h ,  o f  l i t t l e  
market v a l u e )  o f  c a r p  and biomass o f  benthos  i n  I l l i n o i s  
River  i n  1975. Source:  I l l i n o i s  N a t u r a l  H i s t o r y  Survey.  
P r i o r  t o  t h e  1 9 5 0 1 s ,  t h e  g r e a t e s t  h a r v e s t  o f  commercial f i s h  
g e n e r a l l y  occur red  a long t h e  middle s e c t i o n  o f  t h e  I l l i n o i s  River n e a r  
Havana, i n  a r e a s  where food organisms,  such a s  f i n g e r n a i l  clams were 
most abundant (Richardson,  1921) .  Paloumpis and S t a r r e t  t (1960) 
documented a  die-off  o f  f i s h  food organisms i n  t h e  middle s e c t i o n  o f  t h e  
I l l i n o i s  River  i n  t h e  mid-1950's ( ~ i g u r e  51, and more r e c e n t  su rveys  
0 = C I T I E S  
+= LOCK AND DAM S I T E S  
= SAMPLING S T A T I O N  
Figure 5 .  Map o f  the I l l i n o i s  River and the Upper Mississ ippi  River, 
bordering I l l i n o i s .  Benthos died out in the shaded area. 
show t h a t  t h e  clams have f a i l e d  t o  r ' eco lon ize  a r e a s  where they  were 
fo rmer ly  abundant (Anderson, 1977; Anderson, Sparks ,  and Paparo ,  1978) .  
The d e c l i n e  i n  c o n d i t i o n  f a c t o r  and growth o f  commercial s p e c i e s  o f  
f i s h e s  t h u s  is c l e a r l y  r e l a t e d  t o  t h e  d e c l i n e  i n ' b e n t h o s  of  t h e  I l l i n o i s  
R iver  and i t s  c o n n e c t i n g  l a k e s .  
D I V I N G  DUCKS 
Div ing  ducks a l s o  feed on b e n t h i c  organisms,  and use o f  t h e  
I l l i n o i s  R iver  by l e s s e r  scaup  ducks plummeted a t  about t h e  same time a s  
t h e  d ie -o f f  o f  f i n g e r n a i l  clams and s n a i l s  ( ~ i g u r e  6 ) .  The duck 
RELATIONSHIP  BETWEEN LESSER SCAUP DUCKS 
AND F I N G E R N A I L  CLAMS I N  THE I L L I N O I S  R I V E R  
YEAR 
F i g u r e  6 .  R e l a t i o n s h i p  between f i n g e r n a i l  clams and use  o f  t h e  I l l i n o i s  
R iver  by d i v i n g  ducks .  Source:  I l l i n o i s  N a t u r a l  H i s t o r y  
Survey.  Duck p o p u l a t i o n  d a t a  f u r n i s h e d  by F.C. B e l l r o s e ,  
Waterfowl S p e c i a l i s t .  
p o p u l a t i o n  d a t a  i n  F i g u r e  6  i s  f o r  t h e  e n t i r e  I l l i n o i s  R iver  v a l l e y ,  
whereas t h e  f i n g e r n a i l  clam d a t a  is  f o r  Quiver Lake o n l y .  I f  t h e  
d i e - o f f  o f  b e n t h i c  organisms d i d  n o t  o c c u r  s i m u l t a n e o u s l y ,  but  
p r o g r e s s i v e l y  i n  t h e  a f f e c t e d  100-mile r e a c h ,  ducks may have c o n t i n u e d  
u s i n g  t h e  lower p a r t  o f  t h s  r e a c h  a f t e r  t h e  p o p u l a t i o n s  i n  Q u i v e r  Lake 
had a l r e a d y  d i e d  o u t .  I f  t h e  number o f  l e s s e r  scaup ducks u t i l i z i n g  
Quiver Lake i s  superimposed on t h e  clam p o p u l a t i o n s  i n  t h e  l a k e ,  both  
p o p u l a t i o n s  show a  s imul taneous  d e c l i n e  i n  t h e  s p r i n g  o f  1953 ( p e r s o n a l  
sommunication,  D r .  Frank C. B e l l r o s e ,  Waterfowl S p e c i a l i s t ,  W i l d l i f e  
S e c t i o n ,  I l l i n o i s  N a t u r a l  H i s t o r y  s u r v e y ) .  Use o f  t h e  M i s s i s s i p p i  R i v e r  
b o r d e r i n g  I l l i n o i s  i n c r e a s e d ,  a s  t h e  ducks a p p a r e n t l y  s h i f t e d  t h e i r  
m i g r a t i o n  r o u t e  away from t h e  I l l i n o i s  and over  t o  t h e  M i s s i s s i p p i ,  
where dense  p o p u l a t i o n s  o f  f i n g e r n a i l  clams occur red  i n  p l a c e s  such a s  
Pool  19 (Persona l  communication, D r .  Frank C. B e l l r o s e ,  Waterfowl 
S p e c i a l i s t ,  W i l d l i f e  S e c t i o n ,  I l l i n o i s  N a t u r a l  H i s t o r y  Survey; S p a r k s ,  
1980) .  
BENTHOS 
The d e c l i n e  i n  use  o f  t h e  I l l i n o i s  V a l l e y  by d i v i n g  ducks and i n  
t h e  c o n d i t i o n  f a c t o r  o f  commercia l ly  impor tan t  s p e c i e s  o f  f i s h  i s  
t r a c e a b l e  t o  a  d e c l i n e  i n  t h e  ben thos  o f  t h e  I l l i n o i s  R iver .  The 
q u e s t i o n  now becomes: what k i l l e d  t h e  smal l  mol lusks?  Since  f i n g e r n a i l  
clams go through an e n t i r e  l i f e  c y c l e  i n  33 days  (Gale ,  19691, t h e y  a r e  
c a p a b l e  o f  q u i c k l y  r e p o p u l a t i n g  an a r e a  from which t h e y  have been 
e l i m i n a t e d .  We hypo thes ized  t h a t  t h e r e  i s  some f a c t o r  i n  t h e  I l l i n o i s  
R iver  which i n h i b i t s  r e c o l o n i z a t i o n  o f  t h e  r i v e r  from r e s i d u a l  
p o p u l a t i o n s  remain ing  i n  t r i b u t a r y  s t r e a m s .  
The p a t t e r n  o f  t h e  d ie -o f f  o f f e r s  some c l u e s  t o  t h e  s o u r c e  o f  t h e  
f a c t o r  which a f f e c t e d  t h e  clams.  A d ie -o f f  was not  r ecorded  i n  t h e  
upper I l l i n o i s  R i v e r ,  s imply  because  t h e  f i n g e r n a i l  clam (mscuZ{wn 
transverswn) e i t h e r  d i d  not  occur  t h e r e  because t h e  h a b i t a t  was 
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The exper iments  wi th  Quiver Lake sediments  and raw I l l i n o i s  R iver  
wa te r  demonstra ted  t h a t  both c o n t a i n  f a c t o r s  which a r e  l e t h a l  t o  
f i n g e r n a i l  c lams.  A t  l e a s t  one of  t h e  t o x i c  f a c t o r s  is ammonia. 
F i n g e r n a i l  clam s u r v i v a l  was enhanced i n  t r e a t m e n t s  which reduced 
un- ionized ammonia l e v e l s  i n  raw I l l i n o i s  R i v e r  wa te r  (Sparks  and 
Sandusky, 1981) .  Moreover, un-ionized ammonia l e v e l s  i n  t h e  I l l i n o i s  
R i v e r  exceed c o n c e n t r a t i o n s  which a r e  l e t h a l  t o  f i n g e r n a i l  clams exposed 
i n  t h e  l a b o r a t o r y  f o r  s i x  weeks ( s p a r k s  and Sandusky, 1981) and which 
c a u s e  i n h i b i t i o n  of  t h e  c i l i a  on clam g i l l s  (Anderson, Sparks ,  and 
Paparo,  1978) .  
O t h e r  f a c t o r s ,  b e s i d e s  ammonia, may c o n t r i b u t e  t o  t o x i c i t y  i n  
t h e  I l l i n o i s  R i v e r .  For example, t h e  g i l l s  of f i n g e r n a i l  clams a r e  
s e n s i t i v e  t o  heavy m e t a l s  (Anderson, Sparks ,  and Paparo (19781, and 
sediments  i n  t h e  I l l i n o i s  R iver  c o n t a i n  h i g h e r  c o n c e n t r a t  ions  of heavy 
m e t a l s  t h a n  sed iments  i n  t r i b u t a r y  s t r eams   athi his and Cummings, 1971).  
F l u o r i d a t i o n  of  p u b l i c  water  s u p p l i e s  was i n c r e a s i n g  i n  t h e  l95O1s,  when 
t h e  d ie -o f f  o f  f i n g e r n a i l  clams occur red .  Evanston,  I l l i n o i s ,  was one 
of  s e v e r a l  c i t i e s  i n  which f l u o r i d a t i o n  t r i a l s  were i n i t i a t e d  i n  
1945-1947 ( ~ u r g s t a h l e r ,  1977).  The c i t y  of  Chicago s t a r t e d  f l u o r i d a t i n g  
i t s  d r i n k i n g  wa te r  i n  August ,  1956 ( p e r s o n a l  communication, 20 December, 
1978,  Roger S e l b u r g ,  D i v i s i o n  of  P u b l i c  Water S u p p l i e s ,  I l l i n o i s  
Environmental  P r o t e c t i o n  Agency) and P e o r i a  i n i t i a t e d  f l u o r i d a t i o n  i n  
J u l y ,  1958 ( p e r s o n a l  communication, 19 December, 1978,  Hubert H a l l ,  
S u p e r v i s o r ,  P e o r i a  Water Works). 
RESEARCH DESIGN 
The o r i g i n a l  r e s e a r c h  d e s i g n  was t o  de te rmine  e f f e c t s  of 
f l u o r i d e ,  l e a d ,  cadmium, and sed iments  from two l a k e s  a long  t h e  I l l i n o i s  
R i v e r  and from t h e  Keokuk Pool ,  M i s s i s s i p p i  R iver ,  on g i l l  f u n c t i o n ,  
s h e l l  fo rmat ion ,  s u r v i v a l ,  growth and r e p r o d u c t i o n  of t h e  f i n g e r n a i l  
clam. The t e s t s  which were completed a r e  marked wi th  an X i n  t h e  tab1.e 
be 1 ow: 
Determine E f f e c t s  o f  Toxicant  on:  
s u r v i v a l ,  c i l i a r y  s h e l l  
growth,  a c t i v i t y  of  format ion ,  
Toxicant  r ep roduc t  i o n  g i l l s  composi t ion 
f  l o u r i d e  X 
l ead  X 
cadmium 
sed iments  X 
S h e l l s  o f  clams exposed t o  f l u o r i d e ,  l ead  and l a k e  sediments  
have been saved and w i l l  be analyzed l a t e r ,  but t h e  d a t a  were n o t  
a v a i l a b l e  a t  t h e  t ime t h i s  r e p o r t  was p repared .  The e f f e c t s  of  l e a d  on 
t h e  g i l l s  had been determined a s  p a r t  of a  p rev ious  p r o j e c t ,  B-097-ILL 
(Anderson, Sparks ,  and Paparo,  1978) ,  but  t h e  r e s u l t s  a r e  inc luded  In 
t h i s  r e p o r t ,  f o r  comparison wi th  e f f e c t s  on clam growth and s u r v i v a l .  
The e f f e c t s  of  cadmium on. clam s u r v i v a l  and growth were not  
de te rmined .  
The e f f e c t s  o f  sediments  from f o u r  l a k e s ,  r a t h e r  than t h r e e  
l a k e s ,  were determined.  Turner  Lake, a  bottomland l ake  a long  t h e  
I l l i n o i s  R i v e r  n e a r  t h e  Great  Bend a t  Hennepin ( F i g u r e  5)  was added t o  
t h e  l i s t  con ta ined  i n  t h e  o r i g i n a l  p r o p o s a l .  Turner  Lake is  t h r e e  m i l e s  
upst ream from Lake DePue and 92  m i l e s  upst ream from Quiver  Lake, nea r  
Havana. Lake DePue is a  bottomland l a k e  connected t o  t h e  I l l i n o i s  R i v e r ,  
where a  s m e l t e r  once d i scharged  i t s  w a s t e s .  Quiver Lake is where 
Paloumpis and S t a r r e t t  (1960) documented a  d ie -o f f  of f i n g e r n a i l  c lams.  
Sediments were c o l l e c t e d  from t h e s e  t h r e e  l a k e s ,  r a t h e r  t h a n  from t h e  
main channe l  of t h e  r i v e r ,  because t h e  l a k e s  s e r v e  a s  sediment t r a p s ,  
whereas t h e  channe l  is  scoured by c u r r e n t  and dredged t o  m a i n t a i n  a  
9-foot n a v i g a t i o n  channel .  Sediment from t h e  Keokuk Poo l ,  M i s s i s s i p p i  
R i v e r ,  where f i n g e r n a i l  clams a r e  s t i l l  abundant ,  se rved  a s  a  c o n t r o l .  
I f  t h e  r e l a t i v e  t o x i c i t y  of  t h e  I l l i n o i s  R iver  sediments  i n c r e a s e s  i n  
t h e  upst ream d i r e c t i o n  t o  Lake DePue, and then d e c r e a s e s  a t  Turner  Lake, 
Lake DePue and t h e  s m e l t e r  would be i m p l i c a t e d  a s  t h e  s o u r c e  of  t o x i c  
sed iment .  I f  t h e  t o x i c i t y  is  g r e a t e r  i n  Turner  Lake t h a n  i n  DePue, then  
t h e  s o u r c e  probably  l i e s  f u r t h e r  upstream. 
F l u o r i d e  was s e l e c t e d  f o r  t e s t i n g  f o r  r easons  g iven  above. The 
c h o i c e  of  t h e  m e t a l s  l ead  and cadmium was governed by r e s u l t s  of an  
exper iment  i n  which f i n g e r n a i  1 clams were i n a d v e r t e n t  l y  exposed t o  wa te r  
contaminated wi th  t h e  fo l lowing  c o n c e n t r a t  i o n s  of  m e t a l s :  2.7 mg/l 
l e a d ,  0.42 mg/l cadmium, 0.05 mg/l chromium, 0.09 mg/l c o b a l t ,  0 .52 mg/l 
copper ,  and 0 .62 mg/l z i n c  (Anderson, Sparks and Paparo ,  1978).  
F i n g e r n a i l  clams exposed t o  t h e  contaminated wa te r  developed curved 
s h e l l s ,  and a l l  t h e  clams e v e n t u a l l y  d i e d .  Subsequent a n a l y s i s  of t h e  
s h e l l s  by X-ray microprobe t echn iques  r e v e a l e d  t h a t  t h e  normal 
c a l c i u m - s l l i c o r  r a t i o  was r e v e r s e d  i n  t h e  de fo rmed- reg ions  of t h e  s h e l l .  
An a d d i t i o n a l  r e a s o n  f o r  s e l e c t i n g  t h e s e  two heavy m e t a l s  is t h a t  t h e y  
o c c u r  a t  r e l a t i v e l y  h igh l e v e l s  i n  t h e  sediments  i n  Lake DePue and 
Sawmill Lake (Lee and S t a l l ,  1977) and a  mainstem l a k e  o f  t h e  I l l i n o i s  
R i v e r ,  P e o r i a  Lake (Mathis and Cummlngs, 1971).  Sawmill Lake ( n e a r  
~ e n r ~ ) ,  Lake DePue, and P e o r i a  Lake a r e  a l l  i n  t h e  reach  of t h e  r i v e r  
where t h e  f i n g e r n a i l  clam d ie -o f f  occur red  ( ~ i g u r e  5 ) .  
METHODS 
COLLECTION OF FINGERNAIL CLAMS 
F i n g e r n a i l  clams were c o l l e c t e d  from Keokuk Pool  (Pool 19) of  
t h e  M i s s i s s i p p i  R iver  u s i n g  an 18-foot boat  equipped with a  c r a n e  and 
Ponar g r a b  sampler .  The samples were p a r t i a l l y  washed by 
p r e s s u r e - s i e v i n g  t h e  bottom m a t e r i a l  through a  30-mesh s c r e e n  with a  
1 2 - v o l t b a t t e r y - o p e r a t e d  water  pump. The clams and a  p o r t i o n  o f  
sediment not  washed through t h e  s c r e e n  were t r a n s p o r t e d  t o  t h e  
l a b o r a t o r y  a t  Havana, I l l i n o i s ,  i n  3 7 - l i t e r  p l a s t i c  c o o l e r s  equipped 
w i t h  a e r a t o r s  and p a r t i a l l y  f i l l e d  wi th  M i s s i s s i p p i  R iver  w a t e r .  
A l l  clams c o l l e c t e d  on a  p a r t i c u l a r  d a t e  were regarded a s  a  
s i n g l e  "stock",  and were mainta ined s e p a r a t e l y  from s t o c k s  o b t a i n e d  on  
o t h e r  d a t e s .  Each s t o c k  was ass igned  an i d e n t i f i c a t i o n  number i n  o r d e r  
a c c o r d i n g  t o  d a t e .  
MAINTENANCE OF FINGERNAIL CLAMS 
Clams were kept  i n  t h e  t r a n s p o r t  c o o l e r ,  wi th  a e r a t i o n ,  t o  
a c c l i m a t e  them t o  t h e  t empera tu re  of t h e  l a b o r a t o r y .  When t h e  
d i f f e r e n c e  i n  water  t empera tu re  between t h e  c o o l e r  and t h e  l a b o r a t o r y  
a q u a r i a  was l e s s  t h a n  3 " ~ ,  t h e  clams were t r a n s f e r r e d .  The a q u a r i a  
r e c e i v e d  w e l l  wa te r  from a  s m a l l  d i l u t e r  modif ied  from t h e  d e s i g n  of 
Mount and Brungs (1967) .  
The clams were f e d  a  c o n c e n t r a t e d  suspens ion  of t h e  g reen  a l g a  
Scenedesmus quadricauda, which i s  abundant i n  Keokuk Pool.  The a l g a  was 
b a t c h  c u l t u r e d  i n  f l a s k s  on a  s t a g g e r e d  b a s i s ,  s o  t h a t  a  f l a s k  
c o n t a i n i n g  a  maximum d e n s i t y  of a l g a l  c e l l s  was a v a i l a b l e  e v e r y  2-3 
days .  The a l g a l  suspens ion  was d e l i v e r e d  t o  t h e  a q u a r i a  a u t o m a t i c a l l y  
e v e r y  f i v e  minu tes ,  by a  sys tem i n c o r p o r a t e d  i n  t h e  d i l u t e r .  
W i t h i n  a  few days a f t e r  be ing  c o l l e c t e d ,  d u p l i c a t e  groups of  20 
clams were removed from t h e  sediment i n  t h e  s t o c k  a q u a r i a  and placed i n  
lOO-mm p e t r i  d i s h e s .  The d i s h e s  were covered w i t h  p l a s t i c  snap-on l i d s  
i n  which a  50-mm h o l e  was c u t  t o  a l l o w  c i r c u l a t i o n  of  wa te r .  The 
h o l e s  were s u b s e q u e n t l y  covered w i t h  30-mesh nylon s c r e e n ,  a f t e r  we 
d i s c o v e r e d  t h a t  s m a l l  clams (2-4 mm i n  s h e l l  l e n g t h )  could  c l imb t h e  
s i d e s  o f  t h e  d i s h  and a long  t h e  u n d e r s i d e  of t h e  p l a s t i c  cover ,  and 
e x l t  t h e  h o l e .  The p e t r i  d i s h e s  were p laced  back i n  t h e  s t o c k  a q u a r i a ,  
and t h e  growth and s u r v i v a l  of t h e  clams were measured a f t e r  two and 
f o u r  weeks. The purpose of t h e  m o n i t o r i n g  was t o  prevent  use  of 
u n h e a l t h y  o r  dormant s t o c k s  i n  t h e  b i o a s s a y s .  
Growth was determined by measur ing t h e  maximum l e n g t h  of t h e  
s h e l l  t o  t h e  n e a r e s t  0 .1  mm wi th  an o c u l a r  micrometer .  When clams 
d i e d ,  t h e i r  v a l v e s  gaped because  t h e  e l a s t i c  h i n g e  l igament was no 
l o n g e r  opposed by t h e  adduc to r  muscles .  
Ben jamin and Bur ley  (1978) have  i n d i c a t e d  t h a t  f i n g e r n a i l  
clams may be d e t r i t u s  f e e d e r s .  The sediment from t h e  M i s s i s s i p p i  R i v e r  
which was brought back t o  t h e  l a b o r a t o r y  i n  t h e  c o o l e r  was s i e v e d  
through a  30-mesh s c r e e n  t o  remove p r e d a t o r s ,  such a s  l e e c h e s ,  and 
r e f r i g e r a t e d  a t  2 ' ~ .  The sediment was r e p l a c e d  wi th  r e f r i g e r a t e d  
sediment ,  warmed t o  room tempera tu re ,  when t h e  growth and s u r v i v a l  o f  
t h e  clams was checked e v e r y  two weeks. 
Ga le  (1972) sugges ted  t h a t  t h e  decomposing remains of  dead 
clams i n h i b i t  t h e  growth o f ,  l i v e  clams kept  i n  t h e  same c o n t a i n e r .  
Dead clams o r  s h e l l s  were removed from t h e  p e t r i  d i s h e s  when t h e y  were 
checked every  two weeks. 
COLLECTION AND PREPARATION OF SEDIMENT SAMPLES 
Sediment c o r e s  were t aken  from t h e  mid-point o f  each of  t h e  
t h r e e  l a k e s  a long  t h e  I l l i n o i s  R iver .  Sediment samples from t h e  Keokuk 
Pool ,  M i s s i s s i p p i  R i v e r ,  were t aken  upst ream from Montrose ,  Iowa, i n  
wa te r  approx imate ly  one meter deep n e a r  R i v e r  M i l e  375.4. D u p l i c a t e  
c o r e s  were ex t ruded  from t h e  10-cm d iamete r  s t e e l  c o r e r  on to  a  p l a s t i c  
t r a y .  The top  f i v e  cm of both  c o r e s  were thorough ly  mixed t o g e t h e r ,  
and an a l i q u o t  p laced  i n  a  j a r  and sh ipped  t o  Southern  I l l i n o i s  
U n i v e r s i t y  f o r  t e s t i n g  on c lam g i l l s .  Another  a l i q u o t  was taken  t o  t h e  
N a t u r a l  H i s t o r y  Survey L a b o r a t o r y  f o r  t e s t i n g  on i n t a c t  c l ams .  
A t  S o u t h e r n  I l l i n o i s  University, t h e  sedlment  was s t o r e d  ove r -  
n i g h t  i n  a  r e f r i g e r a t o r ,  warmed t o  room t e m p e r a t u r e  t h e  next  day and 
used  Immedia te ly .  The wet mud was added t o  one l l t e r  u f  I n v e r t e b r a t e  
p h y s i o l o g i c a l  solution, u n t i l  t h e  d e s i r e d  sediment  c o n c e n t r a t i o n  ( i n  
m g / l i t e r )  was o b t a i n e d .  Sediment  c o n c e n t r a t i o n s  were determined by 
p a s s i n g  a  measured volume of  t h e  t e s t  s o l u t i o n  th rough  a  membrane 
f i l t e r ,  t h e n  we igh ing  t h e  a i r - d r l e d  sample .  The a v e r a g e  p a r t i c l e  s i z e  
o f  t h e  sample was measured unde r  a  mic roscope  wi th  an o c u l a r  mic romete r  
and p a r t i c l e  c o u n t s  were made wi th  a  hemocytometer .  C o n c e n t r a t  i o n s  o f  
t h e  t e s t  s o l u t i o n s  made from t h e  v a r i o u s  l a k e  s e d i m e n t s  were a d j u s t e d  
u n t i l  t h e y  were  n e a r l y  e q u a l  (Tab le  1 ) .  A l l  c o n c e n t r a ~ i o n s  were w e l l  
below t h e  l e v e l s  which a f f e c t  clam g l l l s  by d i r e c t  mechan ica l  a c t i o n  o r  
c l o g g i n g  (Anderson e t  a l ,  1978) .  
TABLE 1 
Phys ica l  Charac te r i s t i c s  of Sediment 
Suspensions Tested on Fingerna i l  Clam G i l l s  
Values a re  means + standard devia t ions  
- 
P a r t i c l e  
Date Size Density Concentrat ion 
S i t e  
-
Sampled (p m) (mg/l> (pa r t  i c l e s l ~ )  
Keokuk Pool 8 Nov. 1980 14.4+3.1 - 71.2+10.4 - (5.3+0.8)x105 - 
Quiver Lake 18 Nov. 1980 13.3+4.6 - 57.4+6.2 - (4.6+0.7)x105 - 
Lake DePue 28 Nov. 1980 15.6+4.6 - 69.7+9.2 - (5.1+1. - 0)x105 
Turner Lake 4 Dec. 1980 12.9+2.5 - 44.3+3.8 - (4.8+0.9)x105 - 
Keokukl~urner  1 : 1 Mix 13.7+4.3 - 61.2+6.2 - (5. 1+0.7)x105 - 
KeokukITurner 1 : 2 Mix 14.1+1.9 - 57.2+2.2 - (5.9+1.1)x105 - 
I n t a c t  clams were exposed t o  t h e  sediments  from t h e  f o u r  
s i t e s  by p l a c i n g  t h e  clams i n  p e t r i  d i s h e s  c o n t a m i n g  t h e  sed iments ,  
and renewlng t h e  sediments  e v e r y  two weeks wi th  r e f r i g e r a t e d  sediment 
which had been warmed t o  room tempera tu re .  
BIOASSAYS USING CLAM GILLS 
F i n g e r n a i l  clams were acc l ima ted  a t  l e a s t  one week i n  i n v e r t e -  
b r a t e  physiological s o l u t i o n  i n  I n s t a n t  Ocean Aquaria a t  a  t e m p e r a t u r e  
o f  1 7 " ~  and a  pH rang ing  from 7.8  t o  8.2.  G i l l s  were e x c i s e d  from t h e  
clams and p laced  i n  p e t r i  d i s h e s ,  where a  con t inuous  f low of s t a n d a r d  
p h y s i o l o g i c a l  s o l u t r o n  o r  s o l u t i o n  t o  which sedrments  o r  t o x i c a n t s  had 
been added was main ta ined  by means of me te r ing  pumps. Temperatures and 
d r s s o l v e d  oxygen c o n c e n t r a t  ions  i n  t h e  p e t r i  d i s h e s  were monitored by 
t h e r m i s t o r  me te r s  and membrane e l e c t r o d e s .  
Two responses  were measured i n  t h e  sediment b i o a s s a y s :  P a r t -  
i c l e  t r a n s p o r t  r a t e s  and b e a t i n g  r a t e s  of  t h e  l a t e r a l  c i l i a .  P a r t i c l e  
t r a n s p o r t  r a t e s  ( i n  mrn/sec) were c a l c u l a t e d  from t h e  t ime i t  took f o r  
p a r t i c l e s  t o  move a c r o s s  t h e  g i l l  a  known d i s t a n c e  w i t h i n  t h e  
microscope f i e l d .  C i l i a r y  b e a t i n g  r a t e s  were measured u s i n g  two 
coupled mrcroscopes ,  wi th  a  s t r o b o s c o p i c  l i g h t  s e r v i n g  a s  t h e  s u b s t a g e  
l i g h t  s o u r c e  f o r  both microscopes (Anderson e t  a l .  1978).  The r a t e  o f  
c i l i a r y  b e a t i n g  ( i n  b e a t s  p e r  s e c )  was measured by manually 
synchronizing t h e  r a t e  of  f l a s h i n g  o f  t h e  l i g h t  with t h e  r a t e  of  
b e a t i n g  o f  t h e  l a t e r a l  c i l i a ,  whlch bea t  i n  a  metachronal  p a t t e r n .  
S y n c h r o n i z a t i o n  was achieved when t h e  metachrona l  wave appeared t o  
s t a n d  s t i l l .  The b e a t i n g  r a t e  was shown on a  d i g i t a l  d i s p l a y .  Some 
sed iments  and t o x i c a n t s  caused v e r y  low c i l i a r y  b e a t i n g  r a t e s ,  which 
cou ld  not  be measured by t h e  above a p p a r a t u s .  In  t h e s e  c a s e s ,  we used 
a  s h u t t e r  mechanism and a  h i g h - i n t e n s i t y  l i g h t  s o u r c e ,  s i m i l a r  t o  a  
movie p r o j e c t o r ,  t o  a c c u r a t e l y  measure low c i l i a r y  b e a t i n g  r a t e s .  
Average t r a n s p o r t  r a t e s  o r  b e a t i n g  i n  a  microscope f ~ e l d  showing 
approx imate ly  50  g i l l  f i l a m e n t s  were de te rmined .  G i l l s  from 5-7 clams 
were obse rved  and t h e  means and s t a n d a r d  d e v i a t i o n s  a r e  r e p o r t e d  i n  t h e  
r e s u l t s .  Other  r e sponses  were recorded ,  such as  complete  i n h i b i t i o n  o f  
c i l i a r y  b e a t i n g  o r  a  s h i f t  from t h e  normal metachronal  p a t t e r n  t o  a  
synchronous  o r  e r r a t i c  p a t  t e r n .  
C i l i a r y  b e a t i n g  r a t e s  o n l y  were measured i n  b i o a s s a y s  i n  which 
g i l l s  were exposed t o  t o x i c  c a t i o n s  o r  an ions  because  t h e  s o l u t i o n s  
c o n t a l n e d  no p a r t i c l e s  which cou ld  be used f o r  d e t e r m i n i n g  p a r t i c l e  
t r a n s p o r t  r a t e s .  The fo l lowing  r e a g e n t  g rade  s a l t s  were t e s t e d :  
cadmium c h l o r i d e  (cdc12) ,  l e a d  n i t r a t e  ( ~ b    NO^]^), sodium 
f l u o r i d e  ( N ~ F )  and a  s a l t  c o n t a i n i n g  two t o x i c  i o n s ,  cadmium f l u o r i d e  
(cdF2) .  Sodium, c h l o r i d e ,  and n i t r a t e  show l i t t l e  o r  no t o x i c i t y  t o  
f i n g e r n a i l  clams (Anderson e t  a l .  1978) .  Cadmium f l u o r i d e  was t e s t e d  
t o  de te rmine  whether  t h e  t o x i c  e f f e c t s  of  cadmium and f l u o r i d e  a r e  
a d d i t i v e .  C o n c e n t r a t i o n s  i n  t h e  r e s u l t s  s e c t i o n  a r e  r e p o r t e d  i n  t e rms  
o f  t h e  t o x i c  i o n ,  i n  mg/l. 
BIOASSAYS USING INTACT CLAMS 
The t e s t  chambers were 3 7 . 8 - l i t e r  g l a s s  a q u a r i a  wi th  ou t  l e t s  
t o  ma in ta in  t h e  volume a t  23 l i t e r s .  The t e s t  chambers were immersed 
i n  a  wa te r  b a t h  t o  c o n t r o l  wa te r  t empera tu re .  w a t e r  f low from a  
d i l u t e r  ( ~ o u n t  and Brungs 1967) was approx imate ly  1 0 0  ml/min and was 
checked t h r e e  t imes  a  day. The d i l u t e r  d e l i v e r e d  a  l o g a r i t h m i c  s e r i e s  
of  t o x i c a n t  c o n c e n t r a t i o n s  v i a  f low s p l i t t e r s ,  s o  t h a t  two a q u a r i a  
were main ta ined  a t  each c o n c e n t r a t i o n .  An au tomat ic  f e e d i n g  sys tem 
( s e p a r a t e  from t h e  one used on t h e  s t o c k  a q u a r i a )  d e l i v e r e d  100 m l  o f  
a l g a l  suspens ion  t o  each t e s t  chamber e v e r y  5 minu tes .  Alga l  
c o n c e n t r a t i o n s  were measured by p rocedures  i n  S tandard  Methods 
(American P u b l i c  H e a l t h  A s s o c i a t i o n ,  1980) .  
Each t e s t  chamber h e l d  two p e t r i  d i s h e s  i n i t i a l l y  c o n t a i n i n g  
20 clams each  ( f o r  a  t o t a l  o f  4 0  clams exposed t o  each t e s t  s o l u t i o n ) .  
Sieved sediment c o l l e c t e d  from t h e  M i s s i s s i p p i  R i v e r  on t h e  same d a t e  
t h e  clams were c o l l e c t e d  was added t o  t h e  p e t r i  d i s h e s  a t  t h e  beg inn ing  
o f  t h e  b i o a s s a y  and a t  two-week i n t e r v a l s  t h e r e a f t e r ,  when s u r v i v a l  and 
growth were checked.  The sediment was r e f r i g e r a t e d  when c o l l e c t e d  and 
warmed t o  room tempera tu re  b e f o r e  i t  was added t o  t h e  p e t r i  
d i s h e s .  
F i n g e r n a i l  clams a r e  v e r y  a c t i v e  and c l imb t h e  s i d e s  of  g l a s s  
c o n t a i n e r s ,  so  t h e  p e t r i  d i s h e s  were covered wi th  a  p l a s t i c  snap-on l i d  
i n  which a  50-mm h o l e  was c u t  t o  a l l o w  c i r c u l a t i o n  of  wa te r .  The h o l e  
was covered wi th  3 0 m e s h  nylon s c r e e n .  Because t h e  clams were s m a l l ,  
a c t i v e ,  f r a g i l e - s h e l l e d ,  and n e a r l y  t r a n s p a r e n t ,  some were unavoidably  
l o s t  when t h e  c o n t e n t s  of t h e  p e t r i  d i s h e s  were being s i e v e d  a t  two- 
week i n t e r v a l s .  I f  any clams were m i s s i n g  a t  each two-week check,  t h e  
numbers m i s s i n g  were recorded and a r e  r e p o r t e d  i n  t h e  t a b l e s  of 
r e s u l t s .  Of c o u r s e ,  m i s s i n g  clams were no t  counted a s  s u r v i v o r s  o r  
dead clams.  Dead clams were e a s i l y  i d e n t i f i e d  under  t h e  microscope,  
because  t h e  s h e l l s  gaped and were u s u a l l y  empty. When a  clam d i e s ,  t h e  
e l a s t i c  h inge  l igament  f o r c e s  t h e  s h e l l  open and t h e  s o f t  body p a r t s  
decay  and d i s a p p e a r  w i t h i n  a  few hours .  
Water t e m p e r a t u r e s ,  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  and pH i n  
t h e  t e s t  chambers were measured two o r  t h r e e  t imes  p e r  week, and 
a l k a l i n i t y  once a  week. C o n c e n t r a t i o n s  of  f l u o r i d e ,  cadmium and l e a d  
i n  t h e  g i l l  b i o a s s a y s  were c a l c u l a t e d  from t h e  amount of s a l t  added t o  
t h e  t e s t  s o l u t i o n .  In  t h e  b i o a s s a y s  wi th  i n t a c t  c lams,  samples f o r  
l e a d  a n a l y s i s  were t aken  t h r e e  t imes  d u r i n g  t h e  b i o a s s a y .  The samples 
were f i l t e r e d  through a  0.45 micron membrane f i l t e r ,  and t h e  f i l t r a t e  
ana lyzed  f o r  s o l u b l e  l e a d .  The f i l t e r  was t h e n  t r e a t e d  wi th  one m l  of 
c o n c e n t r a t e d  n i t r i c  a c i d .  A few m l  of  u l t r a p u r e  wa te r  was added and 
t h e  s o l u t i o n  d e c a n t e d .  The f i l t e r  was washed w i t h  u l t r a p u r e  w a t e r  and 
t h e  s o l u t i o n  and wash combined, made up t o  5 0  m l  and a n a l y z e d  f o r  l e a d .  
The l a t t e r  r e s u l t s  were c o n s i d e r e d  t o  r e p r e s e n t  t h e  p r e c i p i t a t e d  o r  
i n s o l u b l e  l e a d .  Samples were ana lyzed  on an a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e t e r .  F l u o r i d e  was measured a c c o r d i n g  t o  s t a n d a r d  Methods 
(American P u b l i c  H e a l t h  A s s o c i a t i o n ,  1980) .  
V a r i a n c e  t e s t s  (Snedecor  and Cochran 1967) were  used  t o  
d e t e r m i n e  whe the r  t h e r e  were s i g n i f i c a n t  d i f f e r e n c e s  i n  c lam m o r t a l i t y  
between t r e a t m e n t s .  M o r t a l i t i e s  i n  d u p l i c a t e  p e t r i  d i s h e s  w i t h i n  each  
t e s t  chamber were poo led .  An a n a l y s i s  o f  v a r i a n c e ,  ANOVA ( s t e e l  and 
T o r r i e  1960) ,  was used  t o  d e t e r m i n e  whe the r  t h e r e  were s i g n i f i c a n t  
d i f f e r e n c e s  i n  s h e l l  l e n g t h s  o f  clams exposed t o  t h e  d i f f e r e n t  t e s t  
s o l u t i o n s  and t h e  c l e a n  w e l l  w a t e r .  I f  t h e  m o r t a l i t y  i n  a  t e s t  
s o l u t i o n  was s i g n i f i c a n t l y  d i f f e r e n t  from m o r t a l i t y  i n  t h e  w e l l  w a t e r  
c o n t r o l ,  t h e  l e n g t h  d a t a  were no t  a n a l y z e d ,  b e c a u s e  o f  t h e  p o s s i b i l i t y  
t h a t  m o r t a l i t y  was s i z e - d e p e n d e n t .  I f ,  f o r  example,  t h e  r a t e  o f  u p t a k e  
and e f f e c t  o f  a  t o x i c  s u b s t a n c e  depended on t h e  body volume o r  g i l l  
s u r f a c e  a r e a  o f  a  c l am,  m o r t a l i t y  would be  s i z e - d e p e n d e n t ,  and s i z e  
d i f f e r e n c e s  between c lams exposed  t o  t h e  v a r i o u s  t r e a t m e n t s  and t h e  
w e l l  w a t e r  would r e f l e c t  differential m o r t a l i t y  r a t h e r  t h a n  
d i f f e r e n t i a l  growth .  A l l  d i f f e r e n c e s  were c o n s i d e r e d  s i g n i f i c a n t  a t  a  
< p r o b a b i l i t y ,  P  = .05 .  
RESULTS 
RESPONSE OF CLAMS TO CADMIUM 
Response o f  G i l l s  
Cadmlum c o n c e n t r a t i o n s  g r e a t e r  t h a n  .030 reduced c i l i a r y  
b e a t i n g  r a t e s  below t h a t  of c o n t r o l s  (Tab le  2 and F i g u r e  7 ) .  A 
c o n c e n t r a t i o n  of  .060 mg/l  reduced t h e  c i l i a r y  b e a t i n g  r a t e  t o  
approx imate ly  50% of t h e  normal v a l u e  ( ~ ~ 5 0 ) .  Concen t ra t ions  g r e a t e r  
t h a n  ,095 mg/l  caused complete c i l i a r y  a r r e s t .  
F i g u r e  7. E f f e c t s  of  cadmium on c i l i a r y  b e a t i n g  r a t e  of f i n g e r n a i l  
clam g i l l s .  Exposure t ime a t  each c o n c e n t r a t i o n  = 10  
minutes .  Values a r e  means of  5-7 g i l l s ,  wi th  t h e  p o s i t i v e  
s t a n d a r d  d e v i a t i o n  i n  b r a c k e t s .  
TABLE 2 
Response of  Fingernail Clam G i l l s  t o  Cadmium, 
Added as Cadmium Chloride, CdC12 
(~xposure  time = 10 minutes) 
Concent rat ion Aver age Maximum % o f  
Added Cil iary Ci l iary  Maximum 
~d ++ Beating Beat ing Rate 
(mg/l) Rate + S.D.  Rate with no 
( ~ e a t s / s e c .  ) Cd 
RESPONSE OF CLAMS TO LEAD 
Response of  G i l l s  
Anderson e t  a l .  (1978) r e p o r t e d  t h a t  t h e  c i l i a r y  b e a t i n g  r a t e s  
of  g i l l s  from smal l  clams,  approx imate ly  t h e  same s i z e  used i n  t h e  
p r e s e n t  r e s e a r c h ,  were reduced t o  50% o f  t h e  normal l e v e l  by l ead  
c o n c e n t r a t i o n s  between 0.002 and 0.020 mg/l .  We used t h e  v a l u e  o f  
0.020 a s  a  c o n s e r v a t i v e  e s t i m a t e  of t h e  EC50. 
R e s ~ o n s e  o f  I n t a c t  Clams 
The wa te r  chemis t ry ,  t empera tu re  and a l g a l  c o n c e n t r a t i o n s  
main ta ined  i n  t h e  t e s t  chambers d u r i n g  t h e  l ead  b i o a s s a y s  a r e  g iven  i n  
Tab les  3 and 4. The mean v a l u e s  f o r  d i s s o l v e d  l e a d  c o n c e n t r a t i o n s  i n  
t h e  t e s t  chambers i n c r e a s e  i n  a  l o g a r i t h m i c  s e r i e s  a s  expec ted ,  based 
on t h e  amount of  l e a d  n i t r a t e  added t o  t h e  d i l u t e r .  There  is s l i g h t  
o v e r l a p  of  t h e  ranges  i n  t h e  t h r e e  h i g h e r  c o n c e n t r a t i o n s .  However, 
v a l u e s  f o r  p a r t i c u l a t e  and t o t a l  l e a d  do not f o l l o w  t h e  expec ted  
p a t t e r n ,  and t h e  ranges  a r e  wide and o v e r l a p  c o n s i d e r a b l y .  We obse rved  
t h a t  t h e  d i l u t e r  and t e s t  chambers accumulated a  p r e c i p i t a t e ,  
presumably i n s o l u b l e  l ead  s a l t s  formed i n  t h e  wa te r .  The p r e c i p i t a t e  
may have been d i s l o d g e d  and s p o r a d i c a l l y  f l u s h e d  from t h e  d i l u t e r  c e l l s  
and it is  l i k e w i s e  p o s s i b l e  t h a t  t h e  p r e c i p i t a t e  was s t i r r e d  up from 
t h e  bottom when t h e  wa te r  samples were d ipped from t h e  t e s t  chambers. 
Because of t h e s e  sampl ing problems, t h e  s o l u b l e  l e a d  c o n c e n t r a t i o n s  
r e p o r t e d  i n  Tab le  3 probab ly  b e s t  r e p r e s e n t  t h e  r e l a t i v e  d i f f e r e n c e s  i n  
l e a d  c o n c e n t r a t i o n s  t o  which t h e  f i n g e r n a i l  clams were exposed.  
The s o l u b l e  and i n s o l u b l e  forms o f  o t h e r  heavy m e t a l s ,  such 
z i n c ,  a r e  known t o  d i f f e r  i n  t h e i r  t o x i c i t y  t o  f i s h  (Ca i rns  e t  a l .  
1971) .  Our b i o a s s a y  was not  des igned  t o  de te rmine  whether  s o l u b l e  and 
i n s o l u b l e  forms of  l e a d  d i f f e r  i n  t h e i r  t o x i c i t y  t o  f i n g e r n a i l  clams.  
We recommend t h a t  b i o a s s a y s  be  conducted wi th  l e a d  s a l t s  d i f f e r i n g  i n  
s o l u b i l i t y  t o  answer t h i s  q u e s t i o n .  
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There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  s u r v i v a l  o f  f i n g e r -  
n a i l  clams exposed t o  s o l u b l e  lead c o n c e n t r a t i o n s  r a n g i n g  from .018 t o  
,503  mg/l  ( t h e  h i g h e s t  c o n c e n t r a t  i o n  t e s t e d )  f o r  up t o  s i x  weeks (Table  
5 ) .  
There  were s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  mean s h e l l  l e n g t h s  
of  clams exposed t o  t h e  v a r i o u s  l ead  c o n c e n t r a t i o n s .  In  t h e  t a b l e  
below, c o n c e n t r a t i o n s  i n  which mean s h e l l  l e n g t h s  were not  s i g n i f i c a n t -  
l y  d i f f e r e n t  a r e  connected by a  l i n e :  
S o l u b l e  - Length of  Exposure 
-- -. - ------ 
Lead 
(mg/ l )  I n i t i a l  , 2  Weeks 4 Weeks 
-- 
6  Weeks 
-- 
The s h e l l  l e n g t h s  of  t h e  clams d i d  not  d i f f e r  a t  t h e  beg inn ing  
of t h e  b i o a s s a y ,  because t h e  clams were purpose ly  s e l e c t e d  f o r  
uniformity. A f t e r  two weeks, clams exposed t o  ,018 and .035 mg/l l e a d  
d i f f e r e d  s i g n i f i c a n t l y  i n  s h e l l  l e n g t h  from a  group which inc luded  t h e  
f o u r  h i g h e r  c o n c e n t r a t  i o n s .  A f t e r  f o u r  weeks, t h e r e  were t h r e e  groups 
w i t h  s i g n i f i c a n t l y  d i f f e r e n t  s h e l l  l e n g t h s ,  but a l l  t h r e e  groups showed 
some o v e r l a p s .  A t  t h e  end o f  s i x  weeks however, s h e l l  l e n g t h s  i n  t h e  
two lowest  c o n c e n t r a t i o n s  d l f f e r e d  s i g n i f i c a n t l y  from l e n g t h s  i n  t h e  
f o u r  h i g h e r  c o n c e n t r a t i o n s .  I f  we assume t h a t  t h e  s o l u b l e  l e a d  is t h e  
form t h a t  is t o x i c  t o  f i n g e r n a i l  clams,  t h e n  t h e  lowest  c o n c e n t r a t i o n  
which produces a  s i g n i f i c a n t  e f f e c t  on clam growth a f t e r  s i x  weeks of  
exposure  l i e s  between .035 and .052 mg/l .  The equivalent t o t a l  l e a d  
c o n c e n t r a t  i o n s  (Table  3 )  a r e  .223 and .386 mg/l .  
€0'0 P'Z-O'Z 60'0 10'0 51.1 -- EE €OS ' 
Z0'0 E'Z-6'1 01 '0 10'0 L1.Z -- 8 € 681' 
10'0 6'Z-O'Z 80'0 10'0 ST .Z -- 9 6 L80' 
-- 
P'Z-O'Z 01 '0 10'0 91'1 -- S € ZSO' 
10'0 P'Z-1'Z 01 '0 'CO'O ZZ'Z -- L € S60 ' 
-- 
S-Z-1.Z Z1'0 10'0 SZ *Z -- L € 810') 
SX33M 9 
TO'O €*Z-0.Z 60'0 10'0 Z1.Z -- 9 6 60S' 
10'0 6'1-6'1 60'0 10'0 S1 .Z -- 8 6 681 ' 
-- 6'1-O'Z 80'0 10'0 '71 'Z -- 9 6 L80' 
ZO'O P'Z-O'Z 01 '0 10'0 91'Z -- 96 ZSO' 
ZO'O '7.Z-1.Z 11.0 10'0 OZ'Z -- L € S60 ' 
€0'0 '7.Z-1.Z 11.0 10'0 SZ'Z -- L € 810'> 
SX33M '7 
- - 1'2-6'1 90 ' 0 00'0 GO'Z -- 0'7 60S' 
-- Z'Z-6'1 LO'O 00'0 90'Z -- 0'7 681 ' 
-- Z'Z-6'1 LO'O 00 0 90'Z 0 '7 L80 ' -- 
-- 
Z'Z-6 '1 90'0 00'0 90'Z -- 0 '7 ZSO. 
- - 
Z'Z-6'1 LO '0 10'0 90 ' Z -- 0'7 S60 
-- 
Z'Z-6'1 LO'O 
Lead Leve l s  i n  t h e  I l l i n o i s  R i v e r  . 
I n  o r d e r  t o  de te rmine  whether l e a d  c o n c e n t r a t i o n s  i n  t h e  
I l l i n o i s  R iver  might be i n  t h e  range which a f f e c t s  f i n g e r n a i l  c lams,  
t h e  t o t a l  l e a d  c o n c e n t r a t i o n s  r e p o r t e d  by t h e  U.S. Geo log ica l  Survey 
(1981 and 1982) a r e  compared t o  t h e  t o t a l  l ead  c o n c e n t r a t i o n  which 
appeared  t o  produce a  significant d e c r e a s e  i n  s h e l l  growth of 
f i n g e r n a i l  clams i n  our  exper iments  ( ~ i g u r e s  8  and 9 ) .  The midpoint  o f  
t h e  range  w i t h i n  which a  s i g n i f i c a n t  d e c l i n e  i n  clam s h e l l  l e n g t h s  
o c c u r r e d  is  .304 mg/l t o t a l  l e a d ,  and is  shown a s  a  h o r i z o n t a l  l i n e  i n  
F i g u r e s  8  and 9 .  The U.S. Geo log ica l  Survey r e p o r t e d  s o l u b l e ,  
i n s o l u b l e  and t o t  a1 lead c o n c e n t r a t  i o n s ,  a t  M a r s e i l l e s  and Va l ley  C i t y ,  
bu t  on ly  t o t a l  l e a d  a t  t h e  o t h e r  s i x  sampl ing s t a t i o n s  a long  t h e  
I l l i n o i s  R iver  i n  1979-1980. I n  1980-1981, s o l u b l e  and t o t a l  l ead  were 
measured a t  a l l  e i g h t  s t a t i o n s .  Values shown i n  F i g u r e s  8  and 9  a r e  
t o t a l  l e a d .  Grab samples were t aken  once a  month o r  l e s s  f r e q u e n t l y ,  
s o  i t  is imposs ib le  t o  know how long f i n g e r n a i l  clams i n  t h e  I l l i n o i s  
R i v e r  were exposed t o  t h e  c o n c e n t r a t i o n s  shown i n  F i g u r e s  8  and 9 .  
N e v e r t h e l e s s ,  t h e  d a t a  can be used t o  show whether  l ead  c o n c e n t r a t i o n s  
i n  t h e  I l l i n o i s  R iver  e v e r  approach l e v e l s  which might a f f e c t  
f i n g e r n a i l  clams.  
MAXIMUM / \  I 
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Figure 8. Mean and maximum total lead concentrations at eight sampling 
stations in the Illinois River 1 October 1979 - 30 September 1980. 
Source: U.S. Geological Survey, 1981. Horizontal line = 
concentration which reduced growth of fingernail clams in the 
laboratory. 
I I PEORIA 166.1 I H;i"8"i"," I "YkN 
MARSEILLES 334'0 LACON 267'3 PEKIN 190.8 VALLEY 34.6 
RIVER MILE 246.5 189.2 152.9 CITY 
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Figure 9. Mean and maximum total lead concentrations at eight sampling 
stations in the Illinois River, 1 October 1980 - 30 September 
1981. Source: U.S. Geological Survey, 1982. Horizontal 
line = concentration which reduced growth of fingernail clams in 
the laboratory. 
The mean t o t a l  l ead  c o n c e n t r a t i o n s  i n  t h e  I l l i n o i s  R iver  
between 1 October  1979 and 30 September 1980 were w e l l  below .304 mg/ l ,  
but  t h e  maximum c o n c e n t r a t  ion  a t  Hennepin (River  Mile  207.6) exceeded 
t h i s  v a l u e  ( ~ i g u r e  8). Between 1 October  1980 and 30 September 1981 
both  t h e  mean and maximum t o t a l  l ead  c o n c e n t r a t i o n s  were we l l  below 
,304  mg/l ( ~ i g u r e  9 ) .  
We r e i t e r a t e  t h e  importance of  de te rmin ing  t h e  t o x i c i t y  o f  t h e  
s o l u b l e  and p a r t i c u l a t e  forms of  l ead  t o  fingernail c lams.  I f  i t  i s  
t h e  s o l u b l e  form o f  l ead  which is  t o x i c ,  o u r  r e s u l t s  show t h a t  a  
s o l u b l e  l ead  c o n c e n t r a t i o n  between .035 and .052 mg/l (Tab le  3 )  
a d v e r s e l y  a f f e c t s  t h e  growth of  f i n g e r n a i l  clams.  Rased on t h e  samples 
t aken  a t  V a l l e y  C i t y  (downstream) and M a r s e i l l e s  (ups t ream) ,  more than  
h a l f  t h e  t o t a l  l ead  u s u a l l y  o c c u r s  i n  t h e  i n s o l u b l e  o r  p a r t i c u l a t e  
form. The maximum s o l u b l e  l ead  c o n c e n t r a t i o n  r e p o r t e d  f o r  t h e  I l l i n o i s  
R i v e r  between 1 October  1979 and 30 September 1981 was 0.005 mg/l ,  
c o n s i d e r a b l y  hzlow t h e  l e v e l s  which a f f e c t e d  clams i n  o u r  
b i o a s s a y s .  
RESPONSE OF CLAMS TO FLUORIDE 
Response o f  G i l l s  
A f l u o r i d e  c o n c e n t r a t i o n  of  0.75 mg/l reduced t h e  c i l i a r y  
b e a t i n g  r a t e  of  f i n g e r n a i l  clam g i l l s  by approx imate ly  50%  a able 6  and 
F i g u r e  1 0 ) .  A f l u o r i d e  c o n c e n t r a t i o n  of  1 mg/l caused c i l i a r y  a r r e s t  
 able 6 and F i g u r e  1 0 ) .  
Response o f  I n t a c t  Clams 
-
Water c h e m i s t r y ,  t empera tu re ,  and a l g a l  c o n c e n t r a t  i o n s  
d e l i v e r e d  t o  t h e  t e s t  chambers a r e  r e p o r t e d  i n  Tab les  7  and 8 .  The 
w e l l  w a t e r  con ta ined  0.12 mg/l f l u o r i d e .  The ranges  of  c o n c e n t r a t i o n s  
i n  t h e  t e s t  s o l u t i o n s  were f a i r l y  narrow and d i d  not  o v e r l a p   able 7 ) .  
Approximately 2  x  l o5  a l g a l  c o l o n i e s  were d e l i v e r e d  t o  each t e s t  
chamber e v e r y  5  minutes  dur ing  t h e  eight-week b i o a s s a y   able 8 ) .  
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TABLE 6 
Response of  Fingernail Clam G l l l s  t o  Fluoride 
Added as Sodlum Fluoride, NaF. 
( ~ x ~ o s u r e  time = 10 minutes) 
% of  
Maximum 
Rate 
with no 
I?- 
Concentrat ion 
Added 
F-(mg/ 1) 
Average Maximum 
C i  1  iary Cil iary 
Beating Beating 
R a t e + S . D .  Rate 
(~eat;/sec.  ) 
Water Chemistry and Temperature During F l u o r i d e  Bioassay  
Ranges a r e  g iven  below means. 
Dissolved T o t a l  
F l u o r i d e  Oxygen A l k a l i n i t y  
(mg/ l )  Temp. ( " c )  PH (mg/l)  (rng/l a s  CaCo3) 
a ~ e l l  water  c o n t r o l ,  no added f l u o r i d e .  
TABLE 8 
Algae C o n c e n t r a t i o n s  ( c o l o n i e s  per  ml) D e l i v e r e d  t o  Tes t  Chambers 
During F l u o r i d e  Bioassay.  
(100ml d e l i v e r e d  t o  each chamber e v e r y  5 minu tes )  
Ranges a r e  g iven  below means 
Week 
1 2 3 4 5 6 7 8 
1929 2369 2220 1928 2280 1845 16 90 15 74 
1680-2187 2129-2625 1849-2444 1791-2100 2135-2502 1680-2106 1522-1820 1388-1773 
0 0.2 0.4 0.6 0.8 1 
/ 
FLUORIDE (HG/L) 
Figure 10. Effects of fluoride on ciliary beating rate of fingernail 
clam gills. Exposure time at each concentration = 10 minutes. 
Values are means of 5-7 gills, with positive standard 
deviations in brackets. 
There  were no s i g n i f i c a n t  d i f f e r e n c e s  In clam m o r t a l i t y  be- 
tween t h e  t e s t  c o n c e n t r a t i o n s  a f t e r  exposures  of two weeks and s i x  
weeks. A f t e r  f o u r  weeks, m o r t a l i t i e s  i n  clams exposed t o  0.54 and 2 .82 
mgll  f l u o r i d e  d i f f e r e d  s i g n i f i c a n t l y  from c o n t r o l  clams exposed t o  w e l l  
w a t e r  c o n t a i n i n g  no added f l u o r i d e  (Tab le  9 ) .  A f t e r  e i g h t  weeks, 
m o r t a l i t i e s  i n  2.82 mg/l f l u o r i d e  s i g n i f i c a n t l y  exceeded m o r t a l i t i e s  i n  
t h e  c o n t r o l s ,  whi le  m o r t a l i t i e s  i n  a l l  t h e  o t h e r  c o n c e n t r a t i o n s  d i d  not  
d i f f e r  s i g n i f i c a n t l y  from t h e  c o n t r o l s  (Tab le  9 ) .  These r e s u l t s  a r e  
d i s p l a y e d  g r a p h i c a l l y  i n  F i g u r e  11, which shows t h a t  t h e  95% c o n f i d e n c e  
l i m i t s  f o r  m o r t a l i t y  i n  t h e  2.82 m g / l  c o n c e n t r a t i o n  do not o v e r l a p  t h e  
c o n f i d e n c e  l i m i t s  around t h e  w e l l  wa te r  c o n t r o l ,  
Clams grew i n  a l l  t e s t  c o n c e n t r a t i o n s ,  but  t h e  g r e a t e s t  
i n c r e a s e  i n  mean s h e l l  l e n g t h  occur red  i n  t h e  w e l l  wa te r  c o n t r o l  (Tab le  
9 ) .  I n  t h e  t a b l e  below, mean s h e l l  l e n g t h s  d i d  not  d i f f e r  
s i g n i f i c a n t l y  i n  c o n c e n t r a t i o n s  f a l l i n g  a long  t h e  v e r t i c a l  l i n e s .  The 
o n l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  s h e l l  l e n g t h s  occur red  a f t e r  two weeks 
and s i x  weeks of exposure .  For example, t h e  t a b l e  below shows t h a t  
a f t e r  two weeks s h e l l  l e n g t h s  of  clams exposed t o  0 .12,  0.54,  1 .80 ,  
2.82, and 4 .56 d i d  n o t  d i f f e r  significantly from each o t h e r ,  but  d i d  
d i f f e r  from t h e  group comprised o f  s h e l l  l e n g t h s  i n  t h e  0.54,  0 .85,  
2.82,  and 4 .56 c o n c e n t r a t i o n s .  
--a 
Lepgth o f  Exposure 
F l u o r i d e  
(mg/ l )  I n i t i a l  2  Weeks 4 Weeks 
-__.-__h- - . -  
6  Weeks 
- -- 
8 Weeks 
TABLE 9 
Results of Fluoride Bioassay 
Me an Me an 
She l l  Growth 
Number Number Length St and ard Range Increment 
Alive Missing (nun) Variance Deviation (nun) (mm) 
I N I T I A L  
0. 12a 
0.  54b 
0 . 8 5 ~  
1. 8ob 
2 WEEKS 
0.12 
0.54 
0.85 
1.80 
2.82 
4.56 
4 WEEKS 
0.12 4Oc -- 2.33 0.17 0.41 2.1-3.4 ' 0.02 
0.54 3 2 -- 2.30 0.02 0.15 2.0-2.6 0.02 
0.85 35 - - 2.21 0.02 0.15 1.9-2.5 0.02 
1.80 35 2.29 0.02 0.15 1.9-2.6 -- -- 
2.82 32 - - 2.27 0.03 0.16 2.0-2.6 0.02 
4.56 36 -- 2.29 0.04 0.19 2.0-2.7 0.04 
6 WEEKS 
0.12 35 1 2.39 0.06 0.25 2.1-3.4 0.06 
0.54 3 0 -- 2.32 0.02 0.16 2.1-2.6 0.02 
0.85 3 1 1 2.22 0.03 0.16 1.9-2.5 0.01 
1.80 30 1 2.31 0.03 0.16 1.9-2.6 0.02 
2.82 26 -- 2.25 0.02 0.15 2.0-2.6 0.02 
4.56 3 1 -- 2.26 0.04 0.20 2.0-2.7 -- 
8 WEEKS 
0.12 3 0 -- 2.38 0.03 0.18 2.1-2.8 -- 
0.54 26 -- 2.33 0.03 0.17 2.1-2.7 0.01 
0.85 2 2 2.26 0.02 0.14 2.0-2.5 0.04 -- 
1.80 19 -- 2.32 0.02 0.15 2.1-2.6 0.01 
2.82 16 -- 2.28 0.02 0.16 2.1-2.6 0.03 
4.56 18 1 2.32 0.04 0.21 2.1-2.7 0.06 
a ~ e l l  water c o n t r o l ,  no added f luor ide .  
b ~ e a n  concent ra t ions  i n  t e s t  chambers, a s  f luo r ide ,  F', mg/l, based on 3 
samples taken during bioassay. 
1.7mm clam, born i n  t he  con t ro l  chamber, was removed and not counted as  
par t  of t h e  con t ro l  population. 
FLUORIDE MG/L 
Figure 11. Mortality of fingernail clams exposed to six fluoride concen- 
trations for eight weeks. The lowest concentration (0.12 mg/l) 
was in well water to which no fluoride was added. Brackets 
denote 95% confidence limits. 
The above t a b l e  shows no c o n s i s t e n t '  d i f f e r e n c e s  i n  mean s h e 1  1 
l e n g t h s  i n  t h e  v a r i o u s  f l u o r i d e  c o n c e n t r a t i o n s  throughout  t h e  
b i o a s s a y .  
Some clams developed curved s h e l l  margins  o r  c racked  s h e l l s  
and o t h e r s  showed an abnormal ly  s low response  t o  t h e  s u b s t a g e  
i l l u m i n a t i o n  when t h e y  were examined under t h e  microscope a t  two week 
i n t e r v a l s .  By t h e  end of e i g h t  weeks, 6 ou t  o f  132 s h e l l s  were 
deformed. One of  t h e s e  s h e l l s  o c c u r r e d  i n  t h e  w e l l  wa te r  c o n t r o l ,  and 
t h e  o t h e r s  o c c u r r e d  i n  t h e  t e s t  s o l u t i o n s .  A t  each two-week i n t e r v a l ,  
approx imate ly  20% o f  t h e  clams exposed t o  t e s t  s o l u t i o n s  c o n t a i n i n g  
added f l u o r i d e  crawled away from t h e  microscope i l l u m i n a t i o n  ve ry  
s l o w l y ,  a s  though they  were p a r t i a l l y  s e d a t e d .  Most of t h e s e  clams 
were i n  t h e  low f l u o r i d e  c o n c e n t r a t i o n s ,  r a t h e r  t h a n  i n  t h e  two h i g h e s t  
concent  r a t  i o n s .  We know of  no known mechanism f o r  f l u o r i d e  t o x i c i t y  
which would e x p l a i n  t h e  deformed s h e l l s  o r  r e t a r d e d  movements. 
F l u o r i d e  L e v e l s  i n  t h e  I l l i n o i s  R i v e r  
Disso lved  f l u o r i d e  c o n c e n t r a t i o n s  a r e  measured up t o  12 t imes  
a  y e a r  a t  M a r s e i l l e s  (R iver  Mi le  246.5) and Va l ley  C i t y  ( R i v e r  Mile  
61.3) .  Between 1 October 1980 and 30 September 1981 f l u o r i d e  
c o n c e n t r a t i o n s  were u s u a l l y  h l g h e r  a t  M a r s e i l l e s  t h a n  Va l l ey  C i t y ,  
p robab ly  because  o f  t h e  d i s c h a r g e  of f l u o r i d a t e d  munic ipa l  w a t e r  from 
t h e  Chicago a r e a .  The maximum f l u o r i d e  c o n c e n t r a t i o n  a t  M a r s e i l l e s  was 
0 .7  mg/ l ,  which is c o n s i d e r a b l y  below t h e  c o n c e n t r a t  ion  of 2 .82 which 
s i g n i f i c a n t l y  i n c r e a s e d  t h e  m o r t a l i t y  of f i n g e r n a i l  clams i n  o u r  
exper iment ,  f o l l o w i n g  e i g h t  weeks of  exposure .  It  i s  c l o s e  t o  t h e  
c o n c e n t r a t i o n  o f  0 .75 mg/l which caused a  50% r e d u c t i o n  i n  t h e  c i l i a r y  
b e a t i n g  r a t e  of  clam ; g i l l s ,  but  t h e  i n t a c t  clams a p p a r e n t l y  have a  
d e f e n s i v e  mechanism which is not  a v a i l a b l e  t o  t h e  i s o l a t e d  g i l l s .  
RESPONSE OF CLAMS TO MIXTURES OF CADMIUM AND FLUORIDE 
Response o f  G i l l s  t o  Mix tu res  
T a b l e  10 and F i g u r e  12 shows t h e  response  of  clam g i l l s  t o  
mix tu res  of  cadmium and f l u o r i d e  produced by adding t h e  s a l t  cadmium 
f l u o r i d e  ( c ~ F ~ )  t o  p h y s i o l o g i c a l  s a l i n e .  The c o n c e n t r a t i o n  of 
cadmium i n  t h e  mix tu re  which produced a  50% r e d u c t i o n  i n  c i l i a r y  
b e a t i n g  r a t e  i n  10 minu tes  ( 1 0 m i n  ~ ~ 5 0 )  was .046 mg/l  and t h e  f l u o r i d e  
c o n c e n t r a t i o n  was approximate ly  .023  mg/l. The EC50's determined f o r  
t e s t  s o l u t i o n s  c o n t a i n i n g  o n l y  one t o x i c a n t  were .06 mg/l  f o r  cadmium 
and .75  mg/l f o r  f l u o r i d e .  Hence t h e  cadmium c o n c e n t r a t i o n  i n  t h e  
m i x t u r e  c o n t a i n e d  approximate ly  .77 o f  t h e  EC50 f o r  cadmium (.046 + 
,060)  and .03  of  t h e  EC50 f o r  f l o u r i d e  ( .023 + .750) .  I f  t h e  t o x i c  
c o n t r i b u t i o n s  from cadmium and f l u o r i d e  i n  t h e  m i x t u r e  a r e  added, .77 + 
.03 = .80, t h e  mix tu re  is  p r e d i c t e d  t o  have .80  of a  10-min EC50. 
S i n c e  t h e  m i x t u r e  was more t o x i c  t h a n  p r e d i c t e d ,  i t  is ev iden t  t h a t  
cadmium and f l u o r i d e  a r e  s y n e r g i s t i c ,  i . e .  t h e i r  e f f e c t s  a r e  more t h a n  
a d d i t i v e .  The s i g n i f i c a n c e  of  t h e s e  f i n d i n g s  is t h a t  combinat ions  of  
t o x i c a n t s  i n  t h e  I l l i n o i s  River  may be more t o x i c  t o  f i n g e r n a i l  clams 
t h a n  would be p r e d i c t e d  from r e s u l t s  of  b i o a s s a y s  u s i n g  s i n g l e  
t o x i c a n t s  . 
RESPONSE OF CLAMS TO SEDIMENTS 
R e s ~ o n s e  o f  G i l l s  
E f f e c t s  of  Sediments on C i l i a r y  Bea t ing  R a t e s .  I s o l a t e d  g i l l s  
from f i n g e r n a i l  clams were exposed t o  sed iments  from t h e  f o u r  l a k e s  f o r  
s i x t y  minu tes .  C i l i a r y  b e a t l n g  r a t e s  i n  sediment from Keokuk Pool  
i n c r e a s e d  s l i g h t l y  d u r i n g  t h e  t e s t ;  sed iments  from Lake DePue caused a  
s l i g h t ,  but  s i g n i f i c a n t  d e c l i n e  i n  b e a t i n g  r a t e s ;  and sediments  from 
bo th  Quiver  Lake and Turner  Lake depressed  c l l i a r y  b e a t i n g  r a t e s  
s l i g h t l y  a s  soon a s  t h e y  were added t o  t h e  t e s t  chambers,  fo l lowed by 
an i n c r e a s e  a f t e r  10-20 minu tes ,  and an a b r u p t  d e c l i n e  a f t e r  20-30 
minu tes  (Table  11 and F i g u r e  1 3 ) .  
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TABLE 12 
Response o f  F i n g e r n a i l  Clam G i l l s  t o  Sediments from t h e  Keokuk Poo l ,  
M i s s i s s i p p i  R i v e r  and Three  L a t e r a l  Lakes o f  t h e  I l l i n o i s  R iver  
Values a r e  average  p a r t i c l e  t r a n s p o r t  r a t e s  (mm p e r  second)  + t h e  s t a n d a r d  
d e v i a t i o n s .  T e s t  c o n d i t i o n s :  pH = 7.4 - + 0.2, O2 = 8 . 0  ppm +-0.6, 
- 
t e m p e r a t u r e  = 2 0 . 5 " ~  + 0.5. 
- 
MISSISSIPPI 
- ,- 
ILLINOIS RIVER 
' ----- 
TIME KEOKUK QUIVER DE PUE TURNER 
T M E  (UNUTES) 
Figure 14. Effects of sediments on particle transport rates. 
TABLE 13  
TIME 
( h r s )  
Effect  of Mixed Sediments on p a r t i c l e  Transport Rates 
(mm per second) of Clam G i l l s  
Values a re  means + standard devia t ions  
- 
KEOKUK 
.32 + .04 
- 
.36 + .02 
- 
.39 + .03 
- 
.38 + .02 
- 
.38 + . O 1  
- 
.38 + .02 
- 
.37 + .02 
- 
.38 + .01 
- 
.36 + -03  
- 
.35 + .02 
- 
.33 + .03 
- 
.32 + -02 
- 
.31 + .04 
- 
KEOKUK : TIJRNER 
1:1 Mix 
.32 + .04 
- 
.36 + .02 
- 
.39 + .03 
- 
.38 + .02 
- 
.38 + . O 1  
- 
.34 + .02 
- 
.33 + .03 
- 
.32 + .03 
- 
.28 + .02 
- 
.24 - + .04 
-20 + .02 
- 
.14 + .02 
- 
.12 + .02 
- 
KEOKUK :TURNER 
1:2 Mix 
.32 + .04 
- 
.36 + .02 
- 
.39 + .03 
- 
.38 + .02 
- 
.38 + . O 1  
- 
.28 + .02 
- 
.20 + .02 
- 
.12 - + .03 
.06 + .02 
- 
.04a + . O 1  
- 
.02a + .02 
- 
.03a + .02 
- 
.02 + .02 
- 
a abnormal, synchronous bea t ing  of c i l i a  on g i l l s  
TABLE 14 
Ef fec t  of Mixed Sediments on C l l i a r y  Beating Rates 
(beats  per second) of Clam G i l l s  
Values a re  means + standard devia t ions  
- 
TIME 
( h r s )  
KEOKUK KE0KUK:TURNER 
1:l Mix 
KEOKUK : TURNER 
1:2 Mix 
a abnormal synchronous bea t ing  of c i l i a  on g i l l s  

KEOKUK-TURNER 
1:1 MIX 
KEOKUK-TURNER 
1:2 FIX 
TIME (HOURS) 
Figure  16. E f f e c t s  of sediment mix tures  on c i l i a r y  bea t ing  r a t e s .  
4 9 
TABLE 15 
Resu l t s  o f  Sediment Bioassay 
Me an Me an 
Number S h e l l  Growth 
Source o f  Number Missing Length Standard Range Increment 
Sediment A l i v e  Miss ing (nun) Variance Dev ia t ion  (mm) (mm) 
I n i t i a l  
Keokuk 
Quiver 
De pue 
Turner 
2 Weeks 
Keokuk 
Quiver 
De pue 
Turner 
4 Weeks 
Keokuk 
Quiver 
De pue 
Turner 
6 Weeks 
Keokuk 
Quiver 
De pue 
Turner 
DISCUSS I O N  
The t a b l e  below summarizes r e s u l t s  o b t a i n e d  u s i n g  bo th  t h e  
g i l l  r e s p o n s e  ( c i l i a r y  b e a t i n g  r a t e )  and s u r v i v a l  of  i n t a c t  c lams.  
G i l l  r e s p o n s e s  a r e  e x p r e s s e d  as p e r c e n t a g e s  o f  t h e  normal c i l i a r y  
b e a t i n g  r a t e s ,  p r i o r  t o  a d d i t i o n  o f  t h e  l a k e  s e d i m e n t s .  S u r v i v a l  r a t e s  
a r e  a l s o  e x p r e s s e d  a s  p e r c e n t a g e s .  S u r v i v a l  o f  clams exposed t o  
sed imen t s  from l a k e s  a l o n g  t h e  I l l i n o i s  R ive r  was p o o r e r  a f t e r  s i x  
weeks of  exposure  t h a n  f o r  clams exposed t o  sediment  from t h e  
M i s s i s s i p p i  R i v e r ,  a1 though t h e  d i f f e r e n c e s  were not  s i g n i f i c a n t  l y  
s i g n i f i c a n t .  The same sed imen t s  t e s t e d  on f i n g e r n a i l  c lam g i l l s  
produced s t a t i s t i c a l l y  s i g n i f i c a n t  d e c r e a s e s  i n  c i l i a r y  b e a t i n g  r a t e s .  
Miss. R.  
- I l l i n o i s  R i v e r  
Keokuk Quiver  Lake ~ u r n e r -  
Po0 1 Lake De Pu e  Lake 
G i l l  Response 100% 3 3% 7  4% 21% 
S u r v i v a l  72% 62% 47 % 68 % 
P a r t i c l e  t r a n s p o r t  r a t e s  on t h e  g i l l s  a l s o  showed significant 
d e c l i n e s ,  i n  t h e  same p a t t e r n  a s  t h e  b e a t i n g  r a t e s .  
The t a b l e  below compares t h e  c o n c e n t r a t i o n s  which produced 50% 
d e c l i n e s  i n  c i l i a r y  b e a t i n g  r a t e s  o r  s i g n i f i c a n t  d e c l i n e s  i n  t h e  growth 
o r  s u r v i v a l  o f  i n t a c t  clams w i t h  t h e  maximum c o n c e n t r a t i o n s  r e p o r t e d  i n  
t h e  I l l i n o i s  R i v e r  between 1 Oc tobe r  1979 and 30 September 1981 (u.s. 
G e o l o g i c a l  Survey 1981 and 1982) .  The e f f e c t s  o f  cadmium were t e s t e d  
on clam g i l l s  o n l y ,  no t  on i n t a c t  c lams.  
Concent ra t  i o n  (mg/ 1 )  
--- 
F l u o r i d e  Lead Cadmium 
G i l l  r e s p o n s e  
Growth o r  m o r t a l i t y  
I l l i n o i s  R i v e r  
The maximum f l u o r i d e  concentration was w e l l  below t h e  l e v e l  which 
a f f e c t e d  t h e  growth o r  m o r t a l i t y  of i n t a c t  clams. The maximum lead  
c o n c e n t r a t  ion  s l i g h t l y  exceeded t h e  t o t a l  lead concent r a t  ion which 
s i g n i f i c a n t l y  reduced t h e  growth of f i n g e r n a i l  clams i n  a  six-week 
exposure.  Since  t h e  g rab  samples f o r  l ead  a n a l y s i s  were t aken  from 
e i g h t  s i t e s  on t h e  I l l i n o i s  River  twelve t imes  a  year  o r  l e s s ,  i t  i s  
imposs ib le  t o  determine how long clams i n  t h e  r i v e r  were exposed t o  t h e  
maximum c o n c e n t r a t i o n .  Because t h i s  h lgh c o n c e n t r a t i o n  occur red  on ly  
once i n  two y e a r s ,  t h e  clams were probably  not exposed as  long as  s i x  
weeks. T o t a l  cadmium c o n c e n t r a t i o n s  i n  t h e  r i v e r  were below l e v e l s  
which a f f e c t e d  clam g i l l s .  
Sparks  and Sandusky (1981) and Sparks e t  a l .  (1981) demonstra ted 
t h a t  un-ionized ammonia l e v e l s  i n  t h e  I l l i n o i s  River  s p o r a d i c a l l y  
exceed l e v e l s  which a f f e c t e d  t h e  growth and s u r v i v a l  of  f i n g e r n a i l  
clams i n  t h e  l a b o r a t o r y .  Moreover, they  showed t h a t  t r ea tment  o f  
I l l i n o i s  River  wa te r  t o  remove ammonia and sediment d r a m a t i c a l l y  
improved t h e  s u r v i v a l  of t h e  clams. It  appears  t h a t  un-ionized ammonia 
and an u n i d e n t i f i e d  t o x i c  m a t e r i a l  i n  sediments  a r e  t h e  major f a c t o r s  
p reven t ing  r e c o l o n i z a t i o n  of t h e  I l l i n o i s  River  by fingernail clams. 
Sporadic  peaks i n  f l u o r i d e ,  l e a d  and cadmium i n  wa te r  may c o n t r i b u t e  t o  
t h e  t o x i c i t y  e x e r t e d  by ammonia and t h e  sediment f a c t o r  ( e s p e c i a l l y  i f  
t h e  peaks happen t o  c o i n c i d e ) ,  bu t  a r e  probably  not  t h e  major t o x i c  
f a c t o r s .  
RELATION OF THIS RESEARCH.TO WATER RESOURCES PROBLEMS 
T h i s  p r o j e c t  approach and r e s u l t s  can  be used by r e g u l a t o r y  and 
management a g e n c i e s  i n t e r e s t e d  i n  r e s t o r a t i o n  o f  degraded  r i v e r s .  The 
r e s u l t s  have  drawn a t t e n t i o n  t o  t h e  f a c t  t h a t  sediment  q u a l i t y ,  a s  w e l l  
a s  w a t e r  q u a l i t y  can  be l i m i t i n g  t o  a q u a t i c  l i f e .  
PUBLICATIONS RESULTING FROM THIS RESEARCH 
S p a r k s ,  R.E. 1983.  The r o l e  o f  con taminan t s  i n  t h e  d e c l i n e  o f  t h e  
I l l i n o i s  R i v e r :  I m p l i c a t i o n s  f o r  t h e  upper  M i s s i s s i p p i .  
P r o c e e d i n g s  o f  t h e  Symposium o f  t h e  1 5 t h  Annual Meet ing  o f  t h e  
Upper Miss i s s i p p i  R i v e r  Resea rch  Consor t ium,  15 A p r i  1 1982, La 
C r o s s e ,  W I .  (w i th  p r i n t e r ,  due  t o  be p u b l i s h e d  i n  J u l y ,  1983).  
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